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Multilepton searches for electroweakino and slepton pair production at hadron colliders remain
some of the best means to test weak-scale supersymmetry. Searches at the CERN Large Hadron
Collider, however, are limited by large diboson and top quark pair backgrounds, despite the applica-
tion of traditional, central jet vetoes. In this context, we report the impact of introducing dynamic
jet vetoes in searches for colorless superpartners. As a representative scenario, we consider the Drell-
Yan production of a pair of right-handed smuons decaying into a dimuon system accompanied with
missing transverse energy. As an exploratory step, we consider several global and local measures of
the leptonic and hadronic activity to construct the veto. In most all cases, we find that employing a
dynamic jet veto improves the sensitivity, independently of the integrated luminosity. The inclusion
of non-perturbative multiple particle interactions and next-to-leading order jet merging does not
alter this picture. Directions for further improvements are discussed.
1. INTRODUCTION
Weak-scale supersymmetry, if realized in nature,
presents an attractive solution to several longstanding
theoretical and observational shortcomings of the Stan-
dard Model of particle physics (SM). For example, super-
symmetry can protect the Higgs boson mass from large
quantum corrections, ensure gauge coupling unification
at high scales, and provide a viable weakly interacting
dark matter candidate [1, 2]. While light, sub-TeV su-
perpartners of quarks and gluons have largely been ex-
cluded by direct searches at the CERN Large Hadron
Collider (LHC) [3–6], the situation is far less conclusive
for electroweak (EW) boson and lepton superpartners
due to their smaller production cross sections [7, 8]. Cur-
rent constraints only exclude slepton masses up to a few
hundreds of GeV [9, 10]. For electroweak boson part-
ners [11–13], the case is slightly more interesting due to
several small excesses, which reveal a local significance of
3.5σ and favor 100 − 300 GeV neutralino and chargino
masses in the Minimal Supersymmetric Standard Model
(MSSM) [14]. Hence, studies into new analysis strate-
gies that can improve searches for electroweakinos and
sleptons are highly motivated.
Among the several promising lines of such investiga-
tions are those that consider the impact of jet vetoes
(i.e., the rejection of events featuring jets with a trans-
verse momentum greater than some threshold pVetoT [15–
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19]) in measurements of and searches for heavy, col-
orless SM [20–34] and beyond the SM [35–42] states.
Interestingly, recent studies of multilepton searches for
heavy, colorless exotic particles have demonstrated that
dynamic jet vetoes can significantly improve discovery
potential [41, 42]. More specifically, a proposed analy-
sis premised on setting pVetoT on an event-by-event basis
to the hardness (pT ) of the event’s leading lepton was
found to improve sensitivity by roughly an order of mag-
nitude. The improvement followed from an increase (rel-
ative to a static jet veto) in signal rate passing the jet
veto, an ability to veto top quark events without heavy
quark flavor-tagging, and a sensitivity to jets misidenti-
fied as charged leptons [41]. While serving a similar goal,
such a veto functions in a qualitatively different manner
than rapidity-dependent vetoes [27, 29, 30] by associat-
ing pVetoT with a measure of the hard process scale Q. For
WH/WZ production, a spiritually similar veto defini-
tion using the transverse energy (ET ) of final-state weak
bosons and jets was proposed in the parton-level study
of Ref. [26]. A key point is that the improvement, which
was demonstrated for both the Drell-Yan (DY) and elec-
troweak boson fusion processes, followed from the veto
effectively discriminating local leptonic activity against
local hadronic activity [42].
In light of this, we have explored the impact of dynamic
jet vetoes on the discovery potential of dimuon plus miss-
ing energy searches for right-handed smuon pairs (µ˜+Rµ˜
−
R)
decaying to neutralinos (χ˜1) via the DY mode,
qq → γ∗/Z(∗) → µ˜+Rµ˜−R → µ+µ−χ˜1χ˜1 , (1.1)
as illustrated in fig. 1. We go beyond Refs. [41, 42],
which determined only the improved sensitivity of set-
ting pVetoT to the leading lepton pT , and consider sev-
eral complementary measures of local and global leptonic
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FIG. 1: Drell-Yan production of a pair of right-handed
smuons (µ˜+Rµ˜
−
R) decaying into a pair of muons (µ
±) and light-
est neutralinos (χ˜1). Generated with JaxoDraw [43].
and hadronic activity, including the scalar sum over lep-
ton transverse momenta (ST ) as well as the (inclusive)
scalar sum over the transverse momenta of hadronic ob-
jects (HT ). As a benchmark, we use a CMS-inspired
analysis [9] that features a standard (flavor-independent),
static, central jet veto of pVetoT = 25 GeV. As will be
shown below, a dynamic veto can improve the discovery
potential of the analysis in most cases. We also explore
briefly the impact of including non-perturbative, multi-
ple particle interactions as well as next-to-leading-order
(NLO) jet merging, and find little impact on our conclu-
sions. For the former, this agrees with previous reports
on static jet vetoes [34].
The remainder of this report continues in the follow-
ing manner: in sec. 2, we introduce our simplified model
describing right-handed smuon production and decay in
hadron collisions, and discuss the present constraints on
the model. In sec. 3, we summarize our computational
setup, which includes state-of-the-art event generation
up to NLO in QCD matched to parton showers (PS). We
discuss slepton pair production at the LHC and the quali-
tative impact of different dynamic jet vetoes for the signal
and background processes in sec. 4. There we also define
our proposed dynamic veto and benchmark collider anal-
yses. In sec. 5 we present our results and outlook, before
summarizing and concluding in sec. 6.
2. MODEL
In order to investigate smuon production in a model-
independent way, we focus on a benchmark simplified
model inspired by the MSSM. We consider an MSSM
limit in which all superpartners are decoupled, with the
exception of the right-handed smuon µ˜R (of mass mµ˜R)
and the lightest neutralino χ˜1 (of mass mχ˜1) that is taken
as bino-like. The Lagrangian describing the new physics
dynamics of our model is given, using four-component
fermion notations, by
L = [∂µµ˜†R][∂µµ˜R]+ i2 χ˜1 /∂χ˜1−m2µ˜R µ˜†Rµ˜R− 12mχ˜1 χ˜1χ˜1
+
[
∂µµ˜†Rµ˜R − µ˜†R∂µµ˜R
][
ieAµ − iesW
cW
Zµ
]
−
√
2e
cW
[(
χ˜1PRµ
)
µ˜†R + H.c.
]
.
(2.1)
Here, we have explicitly indicated the smuon gauge inter-
actions with the photon Aµ and Z boson field Zµ (first
term of the second line), as well as the supersymmetric
gauge interactions of the muon µ, the smuon µ˜R, and the
bino χ˜1 (last term of the second line). As irrelevant for
our purposes, D-term contributions are neglected. In our
notation, sW and cW are the sine and cosine of the elec-
troweak mixing angle, e is the electromagnetic coupling
constant, and PR the right-handed chirality projector.
Despite its simplicity, the model is only weakly con-
strained by LHC searches for smuon pair production in
the dimuon plus missing transverse energy channel [9].
This is due to large backgrounds, consisting mainly of W
boson and top quark pair production, as well as being
an electroweak signal production mode, as illustrated by
eq. (1.1). For a massless neutralino, the smuon mass is
constrained with L = 39.5 fb−1 of √s = 13 TeV data
to satisfy, at the 95% confidence level (CL), mµ˜R >
220 GeV. There is almost no constraint when the neu-
tralino is heavier than 100 GeV.
As the neutralino is stable, it is a viable candidate for
a dark matter particle. Bino dark matter with light slep-
tons can be accommodated provided that the slepton-
neutralino mass splitting is of at most 10% of the neu-
tralino mass. Under this condition, there is sufficient co-
annihilations so that the universe is not over closed [44].
However, in the aim of using simplified models as tools
for characterizing given phenomena, this latter constraint
is ignored.
3. COMPUTATIONAL SETUP
To conduct our study, we simulate and analyze signal
and background events in pp collisions at a center-of-
mass energy
√
s = 14 TeV. We implement the simplified
model Lagrangian of eq. (2.1) into FeynRules [45], that
we jointly use with the NLOCT [46] and FeynArts [47]
packages to generate a UFO library [48] that includes
tree-level vertices as well as ultraviolet and R2 countert-
erms. This enables numerical computations up to one-
loop in the strong coupling constant αs. Event generation
for signal and background processes is performed with
MadGraph5 aMC@NLO v2.6.3.2 [49], allowing us to
match NLO QCD fixed-order calculations with parton
showers with the MC@NLO prescription [50]. For back-
ground samples, the totally inclusive process at NLO in
3QCD is matched to its first jet multiplicity at NLO ac-
cording to the FxFx method [51]. This has the effect
of promoting the first and second QCD emissions in the
inclusive sample, which, respectively, are only described
at LO+LL and LL precision, to NLO+LL and LO+LL
quantities. In these instances, the generator-level cuts
pjT > 30 GeV and |ηj | < 5 are applied with a merging
scale Qcut = 60 GeV. We use the MadSpin [52] and
MadWidth [53] programs to handle the smuon decays
into a muon–neutralino system.
We use Pythia v8.230 [58], steered by the
CUETP8M1 “Monash*” tune [55], to handle parton
showering (including QED radiation), the hadronization
of all final-state partons, as well as the decays of hadrons
and tau leptons. Background processes are dressed with
multiple particle interactions (MPI) using Pythia 8’s
underlying event model [56–58]. To account for recoil
against dipole radiation in the parton shower and for
color reconnection between the hard scattering system
and proton beams, we further tune Pythia 8 with:
SpaceShower:dipoleRecoil=on
TimeShower:globalRecoil=off
ColourReconnection:mode=1
BeamRemnants:remnantMode=1
Particle-level reconstruction is handled with MadAnal-
ysis5 v1.7.10 [59, 60], in which we enforce jet cluster-
ing using the anti-kT algorithm [61], as implemented in
FastJet v3.3.0 [62]. We choose a jet radius of R = 1,
following the jet veto analysis of ref. [40]. During the
clustering procedure, ideal b-jet, light-jet, and hadronic
tau (τh) tagging is assumed; momentum smearing due to
mismeasurement and potential misidentification of one
particle species as another is implemented at the anal-
ysis level as done in Ref. [42]. Computations use the
NNPDF 3.1 NLO+LUXqed parton distribution func-
tion (PDF) set [63], while both PDF and αs(µ) evolutions
are managed by using LHAPDF 6 v1.7 [64].
In the above Monte Carlo setup, we do not explic-
itly simulate pileup, i.e., multiple, simultaneously occur-
ring and spatially overlapping pp collisions. While this
is an important experimental issue for the HL-LHC, the
success of state-of-the-art pileup mitigation techniques
(e.g., Refs. [65–68]) greatly ameliorates contamination
by minimum bias events [66, 67, 69]. A net impact
of these pileup-subtraction methods is usually the ad-
ditional smearing of a particle’s four-momentum, which
is captured by our momentum smearing procedure. We
therefore ignore the presence of pile-up jets in individual
events. While non-negligible, their impact is expected to
be subdominant compared to events with high jet mul-
tiplicity and underlying events, which are taken into ac-
count.
In addition to event generation, totally inclusive cross
section normalizations at NLO and with next-to-leading
logarithmic (NLL) threshold corrections are obtained
with Resummino v2.0.1 [70]. We use again the NNPDF
3.1 NLO+LUXqed PDF set, despite the availability
of PDFs extracted using threshold-corrected matrix ele-
ments [71]. Our choice is motivated by the much larger
statistical uncertainty of the resummed PDF, which ob-
fuscates their improved perturbative precision / system-
atic uncertainty. We refer to ref. [72] for a study of their
impact on the hadroproduction of slepton pairs.
For signal rate normalization up to NLO+
NLL(threshold), the collinear factorization (µf ) and
QCD renormalization (µr) scales are set to the smuon
mass. For signal and background event generation, we
set scales on an event-by-event basis to half the scalar
sum of the transverse energy of all final-state particles,
µf,r = ξ × µ0,with µ0 = 1
2
∑
k∈{final state}
√
|pkT |2 +m2k.
(3.1)
The parton shower scale (µs) is set dynamically to [49]
µs = ξ × µ˜0, with µ˜0 ≈ min
[
µ0,
√
d∗
]
, (3.2)
where d∗ = min{di} is the minimum kT -distance mea-
sure [73, 74] over all QCD parton splittings in the hard
process. By default, we set ξ = 1. The residual per-
turbative scale dependency is then quantified by varying
µf , µr, and µs, independently over the discrete range
ξ ∈ {0.5, 1.0, 2.0}.
4. SMUON PAIRS AT THE LHC
4.1. Smuon Pair Production
Like electroweakinos, sleptons can be produced
through a variety of mechanisms in proton-proton col-
lisions. For simplicity, we restrict ourselves to right-
handed smuon pair production through the inclusive,
Drell-Yan process,
pp→ γ∗/Z∗ +X → µ˜+Rµ˜−R +X, (4.1)
as illustrated in fig. 1. At the hadronic level X above
denotes an arbitrary number of (predominantly forward)
QCD jets. If vector boson fusion becomes a relevant pro-
duction mode of TeV-scale smuons [75–77], as for exam-
ple at higher collider energies and integrated luminosities
beyond the LHC, then one can expect much of the same
dynamic jet veto behavior as presented below [42].
In the upper panel of fig. 2, we show the totally in-
clusive NLO+NLL cross section for neutral-current DY
smuon production at a center-of-mass energy
√
s =
14 TeV. The results are given as a function of the smuon
mass, and we indicate the uncertainties stemming from
perturbative scale variation (black band) and PDF fit-
ting (light band). In the lower panel of the figure, we
present QCD K-factors, with their uncertainties, defined
relative to the Born process,
KNLO+N
kLL =
σNLO+N
kLL(pp→ µ˜+Rµ˜−R +X)
σLO(pp→ µ˜+Rµ˜−R +X)
. (4.2)
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FIG. 2: Upper: totally inclusive neutral-current DY produc-
tion cross section of µ˜+Rµ˜
−
R pairs at NLO+NLL, and at a
center-of-mass energy
√
s = 14 TeV with scale uncertainty
(black band) and PDF uncertainty (lightest band). Lower:
NLO+NLL (black band) and NLO (lighter band) QCD K-
factor, with PDF uncertainty (lightest band).
The cases k < 0 and k = 1, respectively, correspond to
computations at NLO and NLO+NLL(threshold).
For smuon masses mµ˜R ∈ [200, 900] GeV (i.e., the
range of interest for the LHC), the NLO+NLL produc-
tion cross section varies from approximately 10 fb to
10 ab, with the corresponding scale uncertainties reach-
ing the ±2 − 3% level. In this mass regime, NLO+NLL
predictions sit within the NLO perturbative uncertainty
band that has a width of about ±4%. Furthermore, the
QCD K-factors for both the NLO and NLO+NLL com-
putations are about K ≈ 1.15 and largely independently
of the smuon mass. On different grounds and still in this
mass range, PDF uncertainties are only marginally larger
than the NLO scale uncertainties, before growing signif-
icantly for mµ˜R & 800 GeV (due to the absence of data
in the PDF fits). As the same PDF set is used for both
the NLO and NLO+NLL computations, the size of their
uncertainties is essentially identical.
For the parameter space consistent with our simplified
model assumptions, the gluon fusion contribution to in-
clusive µ˜+Rµ˜
−
R production, which formally arises at O(α2s),
is small compared with the neutral-current DY compo-
nent [78, 79]. Moreover, for DY-like processes that give
rise to high-pT charged leptons, QCD scale uncertainties
in cross sections featuring a dynamic jet veto at NLO+PS
(which are formally at the leading-logarithmic accuracy)
are comparable with the total inclusive cross section un-
certainty at NLO due to the absence of large jet veto
logarithms [41, 42]. This holds independently of the jet
radius for a dynamic veto [42]. For a static veto, choos-
ing a jet radius of R = 1 greatly helps to minimize the
perturbative uncertainties [40, 80–82], though worsens
the universal, non-perturbative ones [28, 40, 83]. Thus,
we may conclude that cross sections for µ˜+Rµ˜
−
R produc-
tion obtained from event generation at NLO+PS, either
with or without a dynamic jet veto, are reliable estimates
of the true rate. Similar reliability of NLO+PS predic-
tions with static jet vetoes applied to SM diboson and
weak boson scattering processes have been reported else-
where [25, 34]. Hence, for our purposes and for discovery
purposes, NNLO and NNLL(threshold) terms in fixed or-
der and resummed signal predictions can be ignored.
4.2. Dynamic Jet Vetoes Beyond pT
Jet vetoes have long been established as powerful tools
to improve the discovery potential of sleptons and elec-
troweakinos in multilepton searches at hadron collid-
ers [35–38, 84]. In practice, LHC experiments rely on
fixed/static veto thresholds of pVetoT = 20 − 50 GeV for
central jets within a pseudorapidity |ηj | . 2.5 [10, 85–
90]. Recently [41, 42], though, it was demonstrated that
dynamic jet veto schemes, namely ones wherein pVetoT is
set on an event-by-event basis to the pT of an event’s
leading lepton, can improve the sensitivity of multilep-
ton searches for exotic, colorless particles. In conjunc-
tion with selection cuts on leptonic observables, this type
of jet veto ultimately discriminates against the relative
amounts of hadronic and leptonic activity in each event.
In this sense, dynamic jet vetoes can be generalized by
considering observables that measure an event’s global
hadronic and leptonic activities instead of just the pT of
an event’s leading objects. Natural candidates include:
the inclusive scalar sum of pT of all hadron clusters in an
event (HIncl.T ),
HIncl.T ≡
∑
k∈{clusters}
|~p kT |, |ηk| . 4.5, (4.3)
or the exclusive scalar sum of pT of the two leading
charged leptons (`1, `2) in an event (S
Excl.
T ),
SExcl.T ≡
2∑
k=1
|~p `kT |. (4.4)
Here we adopt the usual particle ordering, where pkiT >
p
ki+1
T for particles ki and ki+1 of species k. We also hence-
forth suppress the “Incl./Excl.” labels for brevity but
stress that we do not expect results here to uniformly
carry over to exclusive HT and inclusive ST .
To be explicit, the summation over “hadron clusters”
in Eq. (4.3) means the summation over the set of mo-
mentum vectors that are the output of a jet clustering
algorithm applied to hadrons within a pseudorapidity of
|ηHad.| < ηmax = 4.5. Clusters that satisfy additional
kinematic requirements, e.g., a minimal pT threshold, are
5further classified as jets. Working with clusters has the
highly nontrivial impact of reducing the size (and com-
plexity) of individual events, and therefore Monte Carlo
data sets, as well as ameliorating some (but not all) of
the impact of underlying event (UE) / multiple parti-
cle interactions (MPI). This follows from the fact that,
despite the redistribution of hadron multiplicity and av-
erage hadron pT induced by UE/MPI models, the spatial
distribution of hadrons is always strongly correlated with
the hard scattering process itself, and therefore will be
largely recaptured by kT -style sequential clustering al-
gorithms. Intuitively, one aspect of UE/MPI models is
to “fatten” clusters by increasing the average number of
hadrons in a cluster (while decreasing the average pT per
hadron [56, 57]), but only alter the kinematics of a cluster
of radius R = 1 and transverse momentum pT & 25 GeV
by O(ΛNP/pTR) . 5− 15%, for a non-perturbative scale
ΛNP = 2 − 3 GeV. Such an estimate is consistent with
the findings of dedicated studies on the impact of MPI
on jet observables [34, 91]. Moreover, these shifts im-
pact charged leptons at a comparable level by momen-
tum recoil/conservation. Taking the ratio of leptonic
and hadronic observables, as one does for dynamic jet
vetoes, thereby further mitigates the impact of MPI. We
have checked this explicitly for our high-statistics, FxFx-
matched background samples and observe that MPI in-
duces differences in lepton-to-hadron ratios on the order
of their perturbative QCD uncertainties, i.e., 1−10%, but
reach as large as 15% as one nears phase space bound-
aries, for cluster/jet radii of R = 0.4 − 1.0. As such, to
highlight the qualitative behavior of perturbative matrix
elements, for the remainder of this section we restrict our-
selves to results obtained with inclusive, NLO+PS sam-
ples and postpone further discussion of non-perturbative
uncertainties to table II.
Qualitatively, HT differs from the pT of the leading (or
subleading) central jet pj1T (or p
j2
T ) in that HT is much
more sensitive to complicated color topologies in a hard
scattering processes. The simplest color topologies, e.g.,
eq. 4.1, have at most one or two color dipoles / antennas,
and hence less QCD radiation, resulting in HT that is
comparable to pj1T . On the other hand, complex QCD
processes, e.g., pp→WW + nj, have many color anten-
nas, and hence more sources of QCD radiation, result-
ing in HT significantly larger than p
j1
T . Metaphorically
speaking, HT vs. p
j1
T is like a multiband vs. single-band
radio emitter, with complex color structures inducing
many bands of radiation simultaneously whereas signal-
like topologies have fewer bands.
Due to its exclusive nature, ST acts to exaggerate
and accentuate the characteristic behavior of the lead-
ing charged leptons `1 and `2. If they stem from a reso-
nant (continuum) process, then ST will characteristically
have a narrow (shallow) distribution. If the two are pair-
produced, then one expects the scaling ST ∼ 2p`1T . Like-
wise, any relative (in)dependence of p`kT on the hadronic
activity is inherited by ST . By virtue of the Collinear
Factorization Theorem, central, high-pT charged leptons
in hadron collisions stem from a hard underlying pro-
cess. Hence, the ST of leading leptons probes an event’s
hard-scattering core, and, up to possible kinematic decay
factors scales like the hard scattering scale Q. This helps
to protect against the emergence of large veto logarithms.
We remark briefly that exclusive ST differs from inclusive
ST in that the latter sums over the trailing charged lep-
tons and additionally probes universal, low-Q2 physics,
such as hadron decays and QED parton showering.
In application, a dynamic, HT -based jet veto would
work, for example, by rejecting events in which HT ex-
ceeds p`1T . Analogously, an ST -based veto functions by
requiring, for example, an event to satisfy pj1T < ST for|ηj1 | < ηmax.
To explore these alternative dynamic veto schemes, we
present in fig. 3, the normalized distributions for the fol-
lowing ratios of leptonic and hadronic activities:
(a) p`1T /p
j1
T , (b) p
`1
T /HT , (c) ST /p
j1
T ,
(d) ST /HT , (e) p
`2
T /p
j1
T , (f) p
`2
T /HT .
These are considered for the signal process in eq. 4.1,
with smuons decaying into a SM muon plus a neutralino.
We assume the benchmark parameter space points,
Signal Category : (mµ˜R ,mχ˜1),
High-mass, Large mass splitting : (750 GeV, 100 GeV),
High-mass, Small mass splitting : (750 GeV, 700 GeV),
Low-mass, Small mass splitting : (100 GeV, 50 GeV).
We also consider the representative backgrounds,
pp→ tt¯→ `+`− +X, pp→ `+`−νν, (4.5)
with ` ∈ {e, µ, τh}. All signal and background processes
are considered at NLO+PS, after jet clustering. For
the present situation, we require at least two oppositely
charged muons with any number of hadronic clusters sat-
isfying the truth-level kinematical requirements
|ηclust.| < 4.5, |η`| < 2.4, and p`T > 10 GeV. (4.6)
As a reference point, we discuss first the kinematic ra-
tio r`1j1 = p
`1
T /p
j1
T , as studied by refs. [41, 42] and shown
in fig. 3(a). For the signal processes, we see a differ-
ence in behavior according to whether or not the smuon
and neutralino are close in mass. Whereas the high-
mass, large mass splitting configuration possesses a very
broad distribution, with most of the phase space exceed-
ing r`1j1 > 1, the more compressed configurations pos-
sess relatively narrower distributions, with significantly
more phase space below the r`1j1 = 1 threshold. For
the large mass splitting case, final-state muons carry
p`T ∼ mµ˜R(1 − m2χ˜1/m2µ˜R)/2 ∼ mµ˜R/2 ∼ 375 GeV.
This is significantly larger than the leading jet pT ,
which is generally of the order of the Sudakov peak.
For on-shell slepton pair production, the Sudakov peak
is much lower than 2mµ˜R , indicating that character-
istically pj1T  p`1T ∼ mµ˜R/2. For the compressed
6(a) (b)
(c) (d)
(e) (f)
FIG. 3: Ratios of measures of hadronic and leptonic activity for representative signal (solid) and background (dashed) samples
used in the dynamic veto analysis, showing (a) p`1T /p
j1
T , (b) p
`1
T /HT , (c) ST /p
j1
T , (d) ST /HT , (e) p
`2
T /p
j1
T , (f) p
`2
T /HT .
cases, the muons carry only p`T . 40 − 50 GeV and
drive the relationship r`1j1 (high-mass, small-splitting.) .
r`1j1 (low-mass, small-splitting.) . 1.
Considering the background processes, one observes
that most events populate the region around r`1j1 ∼
0.25−0.75. In both cases, the behavior follows from kine-
matic arguments [41]. For an at-rest top quark decaying
into leptons, the characteristic momenta of the charged
lepton and associated b-quark give rise to the scaling
r`1j1 ∼
p`T
pbT
∼ mt
(
1 +M2W /m
2
t
)
/4
mt (1−M2W /m2t ) /2
∼ 0.75. (4.7)
In a full simulation at NLO+PS with large-R jets, this is
pushed significantly to smaller values due to a large tt+1j
sub-channel, boosts from large (tt)-invariant masses, and
into-cone radiation. Each enhances pjT or p
b
T relatively
to p`T . Despite being a color-singlet process, the inclu-
sive pp → ``νν + X channel has a relatively large pp →
``νν+1j fraction. This is due to the pp→Wγ∗/WZ+0j
processes being suppressed by radiation amplitude ze-
roes [92–99]. In turn, r`1j1 is inherently less than unity.
In fig. 3(b), we consider the impact of including sec-
ondary QCD radiation and show the distribution for
r`1HT = p
`1
T /HT . For the signal processes, we observe
some difference from r`1j1 in the normalization and po-
sition of the distributions’ maxima. Here, the maxima
are marginally taller and pushed to slightly lower val-
ues of r`1HT . This is indicative of the low hadronic ac-
tivity in DY-like processes, which is in fact why a jet
veto is considered at all. On the other hand, for both
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FIG. 4: Same as fig. 3 but for the ratios (a)
(
/ET + p
`1
T + p
`2
T
)
/pj1T and (b) M(`1, `2, /~pT )/p
j1
T .
background processes, we observe values of r`1HT much
smaller than r`1j1 . For tt specifically, the shift (and nar-
rowing) from r`1j1 . 0.5 to r
`1
HT
. 0.25 is consistent with
HT , which sums over both bottom jets, being roughly
1/HT ∼ 1/(2 × pj1T ) ∼ 1/(2 × pb1T ). The low-mass, com-
pressed signal distribution is in particular hardly distin-
guishable from the ``νν distribution.
Considering now a more global measure of leptonic ac-
tivity, we present in figs. 3(c) and (d) the distributions
for the ratios rSTj1 = ST /p
j1
T and r
ST
HT
= ST /HT , respec-
tively. For all cases we see that the rSTj1 and r
ST
HT
curves
are broader than their r`1j1 and r
ST
j1
counterparts, and that
the distributions’ maxima are shifted slightly rightward.
As in the (a) and (b) panels, the compressed signal and
both background processes have a significant fraction of
their respective phase spaces below unity.
As an alternative measure of local leptonic activity, we
show in fig. 3(e) and (f) the distributions for the ratios
r`2j1 = p
`2
T /p
j1
T and r
`2
HT
= p`2T /HT , respectively. One sees
a larger separation than in (a) and (c) of the high-mass,
compressed signal process from all other processes. No-
tably, the tt distributions are much narrower, with almost
all events falling below r`2j1 . 0.5 and r
`2
HT
. 0.25.
Taken together, a picture emerges for generalized def-
initions of dynamic jet vetoes. We find that all of the
proposed veto schemes exhibit uniform behavior. For the
signal process with the highest charged lepton momenta,
i.e., the high-mass, large mass splitting signal category,
we find a clear signal-to-background separation against
representative background processes. For signal pro-
cesses with charged lepton momenta comparable to SM
processes, we find significantly less but nonetheless inter-
esting discriminating power. In particular, for the low-
mass, compressed category, we observe reasonable sepa-
ration from tt but poor separation from ``νν, whereas for
the high-mass, compressed category we report the oppo-
site. This suggests that it may be possible to salvage ad-
ditional signal space with complementary selection cuts.
Quantitatively, we observe a larger signal-to-background
separation for dynamic veto schemes with more inclu-
sive/global hadronic observables, e.g., HT , and more ex-
clusive/local charged lepton observables, e.g., p`2T . The
worst separation is given by rSTj1 , which makes use of the
multilepton activity of background processes but not the
relatively low hadronic activity of the signal processes.
The ratio r`2HT appears to be exceptionally powerful in
rejecting top quark background.
Dynamic Jet Vetoes with Missing Transverse Momentum
A full and systematic investigation of all possible dy-
namic jet vetoes that one can build for the dimuon final-
state is beyond our exploratory and proof-of-concept
scope. Nevertheless, it is interesting and constructive to
briefly explore the potential of dynamic jet vetoes built
from missing transverse momentum observables. Here
and throughout our study, the magnitude (/ET ) of the
transverse momentum imbalance vector (/~pT ) is defined
with respect to all visible momenta within |η| < 4.5,
/ET = | 6~pT |, 6~pT = −
∑
k∈{visible}
~p kT . (4.8)
Building observables that include both charged lepton
momenta and /~pT (or /ET ) takes into account high-energy,
invisible particles in the final state (e.g., χ˜1, ν) and hence
are potentially more closely tied to the momentum vec-
tor (Qˆ) and scale (Q) of hard-scattering processes than
charged lepton momenta alone.
Assuming the same configurations as for fig. 3, we show
in fig. 4 the normalized distributions for the ratios
(a) rLTj1 = LT /p
j1
T , (4.9)
(b) r
M(`1,`2,/~pT )
j1
= M(`1, `2, 6~pT )/pj1T . (4.10)
Here, the kinematic observables LT and M(`1, `2, /~pT ),
denote, respectively, (i) the scalar sum of leading lepton
pT , subleading lepton pT , and /ET , as well as (ii) the
8invariant mass of the dilepton-/~pT system. Symbolically,
the two are defined by the following:
(i) LT = ST + /ET = p
`1
T + p
`2
T + /ET , (4.11)
(ii) M(`1, `2, 6~pT ) =
√
(p`1 + p`2+ 6~pT )2. (4.12)
In fig. 4(a), one sees a strong qualitative resemblance to
the ratio rSTj1 in fig. 3(c), which is expected due to the
ratios’ similar definitions, but with all curves move right-
wards due to the (trivial) inequality rLTj1 ≥ rSTj1 . Quan-
titatively, the shift essentially pushes the ratio for each
process to values greater than unity with the notable ex-
ception of the tt sample. This case features a modest
tail to smaller values and can be attributed to uncom-
mon (but not rare) phase space configurations. Such
configurations include for example when the two final-
state b-jets are both centrally produced (low |η|) while
the µ+µ− pair are forward with a large |ηµ1 − ηµ2 | sep-
aration and the neutrino pair have a maximal azimuthal
separation, |φν1 − φν2 | ∼ pi. Here the neutrinos’ trans-
verse momentum vectors cancel and the charged leptons
are sufficiently forward that p`1T +p
`2
T < p
b1
T . As with r
ST
j1
,
the ratio rLTj1 does very little to separate signal bench-
mark points from the background, with an exception for
the high-mass, large mass splitting category at large val-
ues of rLTj1 .
Figure 4(b) shows a somewhat interesting distribution,
namely a strong separation between the ``νν sample from
everything else but relatively poor separation between
the smuon and top quark processes. More specifically,
the ``νν sample populates r
M(`1,`2,/~pT )
j1
 0.1, and can
be attributed to the situation where the transverse mo-
mentum of the dilepton system, pT (`1, `2), strongly re-
coils against the leading jet in the ``νν+ 1j process. For
such configurations, the leading jet pT is approximately
the recoil of charged leptons and neutrinos. Hence, the
squared invariant mass M2(`1, `2, 6~pT ) is,
M2(`1, `2, 6~pT ) =
(
E`1 + E`2 , ~p`1T + ~p
`2
T + 6~pT , p`1Z + p`2Z
)2
≈
(
E`1 + E`2 , − ~pj1T , p`1Z + p`2Z
)2
= p2T (`1, `2)− pj1 2T , (4.13)
and reveals a large cancellation for large pj1T . Subse-
quently, in this approximation, the ratio is given by
r
M(`1,`2,/~pT )
j1
≈
√
p2T (`1, `2)− pj1 2T
pj1T
, (4.14)
and tends toward zero for large pj1T . For the signal
processes, its Drell-Yan-like topology ensures that the
emission of high-pT jets is disfavored, leading to larger
r
M(`1,`2,/~pT )
j1
. For the tt process, the leading jet pT is not
a good approximation of the sum of leptonic transverse
momenta and the /~pT vector due to the contribution of
additional high-pT jets, particularly a second b-jet. The
inclusion of jets into | 6~pT | (and to some extent p`kT ) leads
to larger values of M , and hence larger ratios.
4.3. Jet Veto Collider Analyses
We now turn to defining our static and dynamic jet
veto analyses to quantify how generalized dynamic jet
vetoes may improve the discovery potential of smuon
pairs at the LHC, if at all. For all analyses, we define
analysis-quality charged leptons and jets as those that
satisfy the following kinematical, fiducial, and isolation
requirements:
p
e (µ) [τh] {j}
T > 10 (10) [20] {25} GeV,
|ηe (µ) [τh] {j}| < 2.4, ∆R`m,`n > 0.4, ∆R`j > 0.4.
We use the electron and muon efficiencies as reported1
in ref. [9] for leptons with pT ≥ 20 GeV, and those re-
ported in ref. [100] for leptons with pT ∈ [10, 20[ GeV. We
tag the hadronic decays of τ leptons (τh) with pT ≥ 20
GeV using the efficiencies reported in ref. [101]. To ac-
count for finite detector resolution and pileup mitigation
techniques, all objects are smeared with a Gaussian pro-
file as done in ref. [42], with smearing coefficients set
using publicly available resolution parametrizations re-
ported by the ATLAS and CMS collaborations [102–105].
The missing transverse momentum 2-vector and its mag-
nitude are defined above in Eq. 4.8.
We simulate the following background processes,
pp→ ```ν, pp→ ``νν,
pp→ tt¯→ 2`X, pp→WWW → 3`X,
at NLO+PS with FxFx-merging for the first jet multi-
plicity. The additional background processes
pp→ ````, pp→ `+`−,
pp→ tt¯`ν → 3`X, pp→WW``→ 2`X,
simulated in contrast at the NLO+PS accuracy, were
found to give a negligible background contribution after
all selection cuts in all analyses, and therefore are ignored
for the remainder of our report. As our signal process
consists of high-pT muons and large /ET , QCD multijet
backgrounds are similarly negligible [9] and ignored for
the remainder of this work.
Shared Analysis Baseline
As a baseline for all analyses, we follow closely the
CMS search for slepton pair production in dilepton final
states at
√
s = 13 TeV with L = 35.9 fb−1 of data [9].
We pre select events featuring one pair of analysis qual-
ity, opposite-sign muons, and veto events with additional
analysis-quality charged leptons. We are thus inclusive
1 https://twiki.cern.ch/twiki/bin/view/CMSPublic/
SUSMoriond2017ObjectsEfficiency
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√
s = 14 TeV:
p
e (µ) [τh] {j}
T > 10 (10) [20] {25} GeV,
|ηe (µ) [τh] {j}| < 2.4, anti-kT w./ R = 1
∆R`m,`n > 0.4, ∆R`j > 0.4
Common Analysis Requirements:
N(µ+) = 1, N(µ−) = 1, N(`) = 2,
mµµ > 20 GeV, |mµµ −MZ | > 15 GeV,
MT2 > 90 GeV, /ET > 100 GeV,
Binned signal region: /ET ∈ (a)[100, 150[,
(b)[150, 225[, (c)[225, 300[, (d)[300,∞[ GeV
Benchmark (Static) Jet Veto Analysis Requirements:
p
µ1 (µ2)
T > 50 (20) GeV, p
Veto
T = 25 GeV
Dynamic Jet Veto Analysis Requirements:
Overlapping Signal Categories:
(a) pVetoT = p
`1
T (b) H
Veto
T = p
`1
T
(c) pVetoT = ST (d) H
Veto
T = ST
(e) pVetoT = p
`2
T (f) H
Veto
T = p
`2
T
TABLE I: (Top) Analysis object / particle identification re-
quirements at
√
s = 14 TeV; (upper) common analysis re-
quirements; (lower) benchmark static veto analysis require-
ments; and (bottom) dynamic jet veto analysis requirements.
with respect to additional leptons outside these crite-
ria. Such events are identified in LHC collisions through
inclusive, low-threshold dimuon triggers. During Run
II, triggers such as the ATLAS experiment’s 2mu10 and
L1 2MU10 triggers2 require two muon pT & 10 GeV at
Level 1 [106]. It is also possible to identify such events
using complementary triggers, such as those used in the
aforementioned CMS analysis, which enable one to lower
the threshold for the sub-leading muon to as low as
pT > 8 GeV at the cost of increasing the threshold for
the leading muon. By using multiobject triggers, the
CMS collaboration has also managed to push lower the
threshold on the transverse momenta of the two muons
to pT & 3.5 GeV, at the price of a moderate missing en-
ergy requirement [107]. Low-mass hadronic resonances
and Z-pole contributions are removed with the invariant
mass cuts: mµµ > 20 GeV and |mµµ −MZ | > 15 GeV.
The SM DY continuum is further suppressed by requir-
ing /ET > 100 GeV, and diboson and top pair processes
are reduced by requiring a “stransverse mass” cut of
MT2 > 90 GeV [108, 109]. In sec. 5, we describe the
impact of relaxing this cut. Events are then binned ac-
cording to /ET . Analysis object definitions and shared
analysis requirements are summarized in the top two sec-
tions of table I.
2 See also: https://twiki.cern.ch/twiki/pub/AtlasPublic/
TriggerOperationPublicResults/menuTable.png
Benchmark, Static Jet Veto Analysis
At this point, our jet veto collider analyses diverge.
Our benchmark, static jet veto analysis continues as pre-
scribed in the baseline CMS analysis [9] and further re-
quires that the pT of the leading and sub-leading muons
satisfy
p
`1 (`2)
T > 50 (20) GeV. (4.15)
Lastly, we impose a static jet veto of pVetoT = 25 GeV
on analysis-quality jets. As such objects must sit within
|η| < 2.4, the veto is more specifically a static, central
jet veto. Relaxing this pseudorapidity restriction will be
briefly explored in the following section. Analysis re-
quirements are summarized in the third section of table I.
For background processes, we find comparable cross
sections after selection cuts to those reported by CMS
for all signal regions except the lowest /ET bin. There,
we find that our background rate is about 50% lower and
is driven by a difference in the normalization of the “Fla-
vor Symmetric” background, which is largely populated
by the tt and diboson processes. We attribute the differ-
ence in this bin to our background normalizations being
accurate only up to NLO+PS, which are therefore miss-
ing numerically large O(α2s) contributions, and also to
potentially missing contributions from mismeasurements
which are not captured by our detector fast simulation.
These effects can both introduce significant differences to
CMS’ data-driven predictions.
In table II, we present the cut-flows for the ``νν, ```ν,
and tt SM backgrounds with their theory uncertainties
[+%−%] and selection cut efficiencies [(%)] given the analy-
sis cuts in table I. Conservative theory uncertainties re-
ported are obtained by adding the renormalization and
factorization scale envelope with the shower scale enve-
lope and statistical Monte Carlo uncertainty in quadra-
ture. For completeness, we explore the backgrounds
when modeled at the inclusive NLO+PS level without
MPI (Incl.), with MPI (Incl.+MPI), and FxFx-merging
with MPI (FxFx+MPI). Categorically, we observe that
the inclusion of MPI does not appreciably impact jet veto
cross sections nor their uncertainties for both traditional,
static jet vetoes and dynamic jet vetoes. In particular,
we observe changes at the 5-10% level, inline with un-
certainties and findings reported elsewhere [34]. For the
dilepton and trilepton processes, we observe a compa-
rable impact by including FxFx-merging; for HT -based
vetoes, the impact of MPI and FxFx slightly compensate
for one another. The theoretical stability afforded by the
FxFx sample is consistent with what has been reported
elsewhere, e.g. Refs. [112, 113] and references therein.
For the top quark process, we observe that the impact
of both MPI and FxFx are comparable and shift rates in
the same direction at a level consistent with uncertain-
ties. The seemingly qualitative difference from the elec-
troweak cases is due to a sizable increase of the tt cross
section normalization stemming from the virtual correc-
tion to the ttj subprocess in the FxFx merged sample.
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The corresponding virtual correction for the electroweak
processes is numerically more modest. We note that
for some top quark cases, i.e., the static and dynamic
HVetoT = p
`2
T vetoes (see below for the latter), there is
a larger statistical Monte Carlo uncertainty driving the
total theory uncertainty; bluntly, these vetoes decimate
the several 107-event tt→ 2`X datasets.
Dynamic Jet Veto Analysis
The goal of this study is to see to what extent, if
at all, generalizations of dynamic jet vetoes can im-
prove searches for multilepton final states over tradi-
tional, static, central jet vetoes. To do this, we propose
a class of analyses that simplifies the static veto analy-
sis of the preceding subsection. We execute this by re-
moving the stringent high-pT selection cuts on charged
leptons given in eq. (4.15) and by setting the central jet
veto threshold on an event-by-event basis. As can be
observed from table II, these lepton-pT cuts only reduce
backgrounds by 5-10% but at the cost of hindering sig-
nal acceptance, particularly in the mass-degenerate limit.
More precisely, events are vetoed either (i) if there exists
an analysis-quality jet with pjT > p
Veto
T or (ii) if the event
possess HT > H
Veto
T . In no case do we consider simulta-
neously a veto on pjT and on HT . The veto thresholds are
set dynamically according to the following permutations:
(a) pVetoT = p
`1
T , (b) H
Veto
T = p
`1
T , (c) p
Veto
T = ST ,
(d) HVetoT = ST , (e) p
Veto
T = p
`2
T , (f) H
Veto
T = p
`2
T .
In principle, one can introduce a scaling factor r, e.g.,
HVetoT = r × ST , with r = 0.75, and improve the signal-
to-background ratio S/B according to fig. 3. However,
this is beyond the proof-of-concept scope of our study.
Needless to say, investigations into optimizing a “smart
jet veto” are encouraged.
5. RESULTS AND OUTLOOK
To quantify the impact of dynamic jet vetoes on
searches for smuon pairs, we use the CLS technique [110]
to first determine the 95% CL reach in terms of the event
rate N95 = σ95×L, for a luminosity L. We take into ac-
count the Monte Carlo uncertainties for both the signal
and the background, and use a flat systematic uncer-
tainty of 20% on the background prediction derived from
our FxFx + MPI samples. We use the combined likeli-
hood ratio of the four signal regions as our test statis-
tic. Sensitivity is then expressed in terms of the signal
strength (µSS),
µSS = σ95/σp, (5.1)
where σp is the predicted cross section in our simplified
model. A signal strength of µSS < 1 means that the sig-
nal hypothesis is excluded with at least 95% confidence.
As a check, we show in fig. 5, µSS for (a) the static jet
veto analysis based on ref. [9], where pVetoT = 25 GeV,
and (b) the dynamic jet veto pVetoT = p
`1
T , assumingL = 35.9 fb−1 at √s = 14 TeV. To derive these we
only consider the Monte Carlo uncertainty and a flat 20%
additional systematic uncertainty (which is intended to
approximate all additional theory and experimental sys-
tematic uncertainties) in the limit setting, to keep the
comparison as clear as possible. We find that the con-
straints derived using the reference analysis are stronger
than those reported in ref. [9]. This is attributed to three
reasons. First, in comparison with the 13 TeV results ex-
plored with data, we take
√
s = 14 TeV. Second, we use
a highly simplified treatment of systematic uncertainties,
and finally, we recover a slightly smaller background pre-
diction for the lowest /ET signal region compared with
the data-driven prediction of ref. [9] (see sec. 4.3).
With the dynamic jet veto analysis, we observe an
improvement in sensitivity over the static veto analysis,
with mµ˜R . 425 GeV being accessible for mµ˜R  mχ˜1 ,
to be confronted to mµ˜R . 360 GeV in the static case.
For larger luminosities we find that the improvement
is comparable. However, as part of the improvement
comes from higher signal acceptance rather than large
improvements in S/B, the relative improvement dimin-
ishes somewhat. We stress that while this improvement
appears limited, it has been obtained by relaxing several
selection cuts of the somewhat sophisticated analysis of
ref. [9], and na¨ıvely applying a dynamic jet veto that has
not been optimized according to fig. 3. This “out-of-the-
box” improvement even for relatively light smuon masses
is encouraging.
To present our main results, for a given jet veto scheme
and luminosity we consider the ratio of signal strengths:
RDy. Veto =
µCMSSS
µDy. VetoSS
=
σCMS95 /σ
CMS
p
σDy. Veto95 /σ
Dy. Veto
p
, (5.2)
where µCMSSS is the signal strength as determined using
the reference static jet veto analysis and µDy. VetoSS is the
signal strength as determined with the dynamic jet veto
analysis. The double ratio has the simple interpretation
that a value of R > 1 implies that the dynamic veto
analysis is more sensitive than the static veto analysis
for a given input.
In fig. 6, assuming L = 500 fb−1, we present R for
(a)pVetoT = p
`1
T , (b)H
Veto
T = p
`1
T , (c)p
Veto
T = ST ,
(d)HVetoT = ST , (e)p
Veto
T = p
`2
T , (f)H
Veto
T = p
`2
T .
In the large mass splitting regime where mµ˜R  mχ˜1 ,
we find that the veto scheme (f) HVetoT = p
`2
T outper-
forms the static veto analysis for mµ˜R & 200 GeV; this
finding extends to (b) HVetoT = p
`1
T , (d) H
Veto
T = ST
and (e) pVetoT = p
`2
T for mµ˜R & 250 GeV; and we re-
port that all dynamic jet veto schemes show improvement
for mµ˜R & 300 GeV. Of the schemes considered, the
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Cut / Channel
σ(``νν) [fb] σ(```ν) [fb] σ(tt¯) [fb]
Incl. Incl.+MPI FxFx+MPI Incl. Incl.+MPI FxFx+MPI Incl. Incl.+MPI FxFx+MPI
Common Analysis Requirements
Generator 10 200+4.1%−4.8% 10 200
+4.1%
−4.8% 10 300
+4.5%
−5.1% 1600
+5.5%
−6.5% 1600
+5.5%
−6.5% 1680
+5.5%
−6.2% 85 800
+9.2%
−10.4% 85 800
+9.2%
−10.4% 91 000
+11.9%
−11.7%
Dimuon
Selection
850+4.1%−4.8%
(8.4%)
850+4.5%−5.1%
(8.4%)
840+4.9%−5.3%
(8.4%)
140+6.3%−7.0%
(8.7%)
140+6.3%−6.8%
(8.7%)
140+6.1%−6.5%
(8.6%)
6400+12%−12%
(7.5%)
6400+12%−12%
(7.5%)
6800+12%−13%
(7.5%)
+m``
Requirements
590+4.2%−4.8%
(69%)
590+4.5%−5.2%
(69%)
580+5.3%−5.5%
(69%)
40+7.0%−7.6%
(28%)
40+6.9%−7.4%
(28%)
40+6.3%−6.8%
(29%)
5000+12%−12%
(77%)
5000+12%−12%
(78%)
5300+12%−13%
(78%)
+Minimum
MT2
2.9+6.6%−7.5%
(0.49%)
3.0+4.6%−8.8%
(0.51%)
2.4+9.0%−6.2%
(0.42%)
0.74+9.6%−10%
(1.9%)
0.76+7.2%−7.7%
(1.9%)
0.56+7.0%−8.2%
(1.4%)
8.8+13%−15%
(0.18%)
9.2+13%−12%
(0.18%)
8.6+12%−25%
(0.16%)
Benchmark Static Jet Veto Analysis Requirements
+p`1T >50 GeV,
p`2T > 20 GeV
2.7+9.0%−8.9%
(94%)
2.8+4.6%−12%
(94%)
2.3+12%−7.2%
(96%)
0.70+11%−12%
(95%)
0.71+7.4%−8.0%
(94%)
0.53+7.8%−10%
(95%)
7.7+13%−20%
(87%)
8.3+15%−13%
(90%)
7.8+12%−33%
(91%)
+Static Jet
Veto
1.5+13%−11%
(54%)
1.5+5.6%−17%
(53%)
1.6+13%−7.8%
(70%)
0.27+11%−12%
(39%)
0.26+9.3%−8.0%
(36%)
0.31+7.8%−13%
(60%)
0.033+240%−20%
(0.43%)
0.049+66%−66%
(0.60%)
0.15+68%−58%
(1.9%)
Dynamic Jet Veto Analysis Requirements
pVetoT = p
`1
T
2.6+6.7%−14%
(86%)
2.5+7.0%−8.8%
(85%)
2.4+10%−7.4%
(> 99%)
0.58+11%−9.9%
(77%)
0.58+11%−10%
(77%)
0.55+7.3%−8.6%
(99%)
3.8+12%−13%
(43%)
3.9+12%−13%
(42%)
4.5+32%−32%
(57%)
pVetoT = p
`2
T
2.0+4.4%−8.0%
(67%)
1.9+7.6%−11%
(68%)
2.2+11%−8.6%
(91%)
0.41+15%−13%
(55%)
0.43+9.1%−8.9%
(57%)
0.50+7.1%−7.5%
(87%)
0.84+25%−35%
(9.0%)
0.95+22%−12%
(10%)
0.98+57%−17%
(12%)
pVetoT = ST
2.8+6.2%−12%
(94%)
2.7+8.2%−7.7%
(94%)
2.4+8.9%−6.7%
(> 99%)
0.68+8.9%−9.9%
(90%)
0.67+9.4%−9.5%
(90%)
0.56+6.9%−9.0%
(> 99%)
5.8+19%−18%
(62%)
7.1+13%−26%
(71%)
6.6+23%−26%
(89%)
HVetoT = p
`1
T
2.2+7.4%−16%
(73%)
1.9+10%−7.3%
(67%)
2.2+9.2%−5.8%
(87%)
0.46+9.4%−8.7%
(60%)
0.41+16%−10%
(55%)
0.46+7.3%−13%
(84%)
0.40+23%−13%
(4.2%)
0.49+25%−50%
(4.9%)
0.54+22%−25%
(7.1%)
HVetoT = p
`2
T
1.5+4.9%−11%
(51%)
1.2+5.3%−5.4%
(43%)
1.5+7.7%−7.3%
(60%)
0.31+8.3%−8.6%
(41%)
0.25+8.9%−8.0%
(34%)
0.33+8.6%−8.9%
(58%)
0.049+69%−13%
(0.53%)
0.016+200%−210%
(0.17%)
0.12+62%−81%
(1.5%)
HVetoT = ST
2.5+4.6%−13%
(84%)
2.4+6.1%−8.3%
(82%)
2.3+9.6%−9.7%
(97%)
0.55+13%−10%
(74%)
0.53+11%−10%
(71%)
0.54+7.0%−8.5%
(95%)
1.4+23%−24%
(16%)
1.1+44%−15%
(11%)
1.9+31%−20%
(23%)
TABLE II: The cross section [fb] with uncertainties [+%−%] and cut efficiency [(%)] of the selection cuts in table I for the dominant
SM backgrounds, when modeled at the inclusive NLO+PS level without MPI (Incl.), with MPI (Incl.+MPI), and FxFx-merging
with MPI (FxFx+MPI). Uncertainties are obtained by adding the renormalization and factorization scale envelope with the
shower scale envelope and statistical uncertainty in quadrature. At the generator-level, statistical confidence corresponds to
5-10 M events for each sample and shower variation.
choice (c)pVetoT = p
`2
T arguably performs worst, with lim-
ited improvement over the static analysis for much of the
phenomenologically relevant parameter space. For the
compressed regime where mµ˜R ∼ mχ˜1 , the ST schemes
demonstrate some improvement, while (f) HVetoT = p
`2
T is
considerably weaker than the static analysis.
For much of the parameter space of interest, we see
that the improvement is in excess of 25% to 50%. The
relative improvement grows with increasing mµ˜R which
allows for improvement in excess of 100% since the static
veto reduces the signal efficiency for heavier mass scales
(due to harder initial-state radiation) while the dynamic
veto schemes generally remain efficient or become more
efficient (due to harder, final-state charged leptons). At
lower mµ˜R and close to the degenerate limit, final-state
leptons are relatively soft. This leads to pVetoT and H
Veto
T
thresholds that are as tight as, if not more stringent
than, the static veto, thereby eliminating any improve-
ment from relaxing other selection cuts.
Qualitatively, we observe that HT -based vetoes tend
to perform better at high masses while pj1T -based ve-
toes are better at low masses, indicating the utility of
veto schemes that employ more inclusive measures of
the hadronic activity, e.g., HT . ST -based schemes are
competitive. However pVetoT = ST is too inclusive for
small mµ˜R where the static analysis gives better results.
The inclusive nature of ST is particularly useful in the
compressed region, where individual lepton momenta are
the smallest. In short, a whole class of dynamic jet ve-
toes can improve discovery potential of smuon pairs, but
the difference in performance across the various limits of
parameter space suggests that no single combination of
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(a) (b)
FIG. 5: Exclusion contours on the signal strength µSS for smuon pair production in the (mχ˜1 ,mµ˜R) plane with L = 35.9 fb−1,
for (a) the static jet veto analysis based on ref. [9], with pVetoT = 25 GeV, and (b) the dynamic jet veto analysis with p
Veto
T = p
`1
T .
hadronic and leptonic activity measures will be ideal in
all cases. The appropriate leptonic measure should be
investigated on an analysis-by-analysis basis in order to
target specific kinematic regions.
Impact of Jet Veto Rapidity Window
Experimentally, jets can only be reconstructed within
the range of the detector, i.e, with a pseudorapidity |η| .
4.5 for ATLAS and CMS. In practice though, stringent,
static jet vetoes are often only applied within the cover-
age of the tracker, typically for jets with |η| . 2.4. Ex-
tending jet vetoes to the forward region, 2.4 . |η| . 4.5,
is avoided, among other reasons, to help to mitigate the
contamination of pile-up activity, including the contribu-
tion to low-pT jets that would otherwise never exceed a
veto threshold. This avoidance, however, is at the cost of
an increased dependence on higher order QCD splittings,
and hence an increased theoretical uncertainty [30]. On
the other hand, it has recently been demonstrated that
rapidity-dependent, jet vetoes, in particular one wherein
pVetoT is relaxed for increasing jet pseudorapidity, can re-
duce this theoretical uncertainty [30], and are already ex-
perimentally viable [111]. Moreover, extending dynamic
jet vetoes to the forward region was found to be necessary
to ensure a sufficient suppression of SM backgrounds in
studies at higher
√
s [42].
In this context, we briefly investigate the impact of a
dynamic jet veto when expanding the η range of the jet
veto-window from |η| < 2.4 to |η| < 4.5. For a widened
η range, we show in fig. 7, the signal strength ratio,
RX = µXSS(|ηVeto| < 2.4)/µXSS(|ηVeto| < 4.5), (5.3)
for (a) the benchmark static jet veto analysis, where
pVetoT = 25 GeV, and (b) the dynamic analysis, with
pVetoT = p
`2
T . As before, a ratio of RX > 1 indicates
improved sensitivity. When a static veto is used and the
pseudorapidity range increased, the vetoing of jets out-
side the central region reduces background rates while
simultaneously reducing the signal rates, thereby main-
taining a similar signal-to-background efficiency as in the
reference analysis. For the dynamic veto, however, there
is a uniform O(5 − 20)% improvement for most of the
parameter space due to slightly higher background rejec-
tion coupled with a smaller decrease in signal efficiency.
We anticipate this behavior to hold for all other dynamic
veto schemes considered in this analysis.
Impact of Jet Vetoes When Lifting The MT2 Cut
As shown in table II, requiring the selection cut MT2 >
90 GeV greatly suppresses electroweak diboson and top
quark pair production independently of a jet veto. How-
ever, the cut also reduces considerably the signal accep-
tance when sparticles are mass-degenerate. Notably, we
report that choosing a more aggressive dynamic jet veto
can control the top pair background sufficiently in the
absence of the MT2 cut, leading to a significant improve-
ment in sensitivity.
We have checked that using HT < p
l2
T as a dynamic
veto is stringent enough to control the top pair back-
ground when lifting the MT2 cut, independently of the
signal region. When relaxing MT2, total background
rates grow by a factor of 5 for the lowest /ET signal
region up to a factor of 1.5 for the highest /ET signal
region, while there is a large, overall increase in sig-
nal efficiency. For the benchmark point (mµ˜R ,mχ˜1) =
(750 GeV, 700 GeV), this results in negligible changes
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(a) (b)
(c) (d)
(e) (f)
FIG. 6: The ratio of signal strengths (µSS) for (a) p
Veto
T = p
`1
T , (b) H
Veto
T = p
`1
T , (c) p
Veto
T = ST , (d) H
Veto
T = ST , (e) p
Veto
T = p
`2
T ,
and (f) HVetoT = p
`2
T , compared with the CMS reference analysis using L = 500 fb−1. The solid red line shows the 95% exclusion
for µSS = 1 for the benchmark CMS analysis, and the dashed red line the same exclusion for the dynamic analysis.
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(a) (b)
FIG. 7: The ratio of constraints at L = 500 fb−1 for (a) the default CMS analysis, and (b) the dynamic pj1T < pl2T , both with
a jet pseudorapidity cut of |η| < 4.5, compared with their respective default analyses employing |η| < 2.4. The solid red line
shows the 95% exclusion for µSS = 1 for the standard |η| < 2.4 analysis, and the dashed red line the same exclusion for |η| < 4.5
analysis.
in the signal (S) over background (B) ratio S/B for the
two lower /ET signal regions but significant increases in
S/B for the two higher /ET signal regions. Lifting the
MT2 cut when using a stringent dynamic veto based on
HT therefore allows for improvements in sensitivity in the
compressed region, independently of the integrated lumi-
nosity, due to the top pair background being sufficiently
controlled by the dynamic veto itself.
We find though that the improvement does not hold for
all veto schemes considered. When requiring pj1T < p
l2
T
and no MT2 restriction, the top pair background comes
to dominate the background rate in the two lower /ET sig-
nal regions and increases the rates by factors of 20− 30,
thereby reducing S/B, despite the increased signal ef-
ficiency. The two higher /ET signal regions are less af-
fected due to a much smaller the top pair contribu-
tion, with only a factor of 2 increase in the total back-
ground rate for the highest /ET one. For (mµ˜R ,mχ˜1) =
(750 GeV, 700 GeV), we see a reduction in S/B in all
signal regions, except for the highest /ET one, suggesting
that the simplest incarnations of dynamic jet vetoes are
not sufficient in their own right. This was noted previ-
ously in refs. [41, 42].
6. SUMMARY AND CONCLUSION
In summary, we have investigated several measures of
leptonic and hadronic activities in the process
pp→ γ∗/Z∗+X → µ˜+Rµ˜−R+X → µ+µ−+ /ET +X, (6.1)
and the associated SM background processes, to explore
possible generalizations of dynamic jet vetoes. Using this
information, we have demonstrated that a general class
of dynamic jet vetoes can be used to improve the sensitiv-
ity of searches for right-handed smuon pair production at
the LHC. The improvement becomes more significant as
we probe mass scales further above the EW scales, and
in some instances hold even when the final-state parti-
cles are soft. Differences between the various processes
can be directly attributed to underlying kinematics and
QCD radiation patterns, particularly when radiation am-
plitude zeros are involved (see sec. 4.2). Most choices
of measures for hadronic and leptonic activities perform
better than the CMS-inspired benchmark analysis, which
features a static jet veto threshold of pVetoT = 25 GeV
(see fig. 6). Differences suggest that no single dynamic
veto scheme will always be ideal for all parameter space
regions and rather should be investigated on an analysis-
by-analysis basis. Qualitatively, we find that dynamic
jet vetoes using more inclusive measures of the hadronic
activity, e.g., HT , perform best, while the ideal choice
of leptonic activity depends on the signal kinematics
(see sec. 5). We report that the impact of including
MPI/UE and NLO-accurate jet merging, e.g., via the
FxFx method, does not appreciably alter this picture;
see table II. The impact of enlarging the jet veto rapidity
window, complementarity to other selection cuts, and dy-
namic vetoes built from 6 ~pT -based observables were also
addressed.
Due to the dynamic nature of these cuts, sensitivity
can likely be improved with machine learning techniques
such future investigations are encouraged. We anticipate
that our results generalize to other searches for new,
heavy, uncolored physics that employ jet vetoes at the
LHC, and push for investigations in this direction.
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